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(57) ABSTRACT

A method for producing a conductive area in a polymer mate-
rial comprises: providing a polymer layer comprising con-
ductive particles with a density such that the polymer layer is
insulating, heating the polymer material to a temperature
higher than or equal to the glass transition temperature of the
polymer material, compressing a portion of the polymer layer
using a stamp, in order to obtain a density of conductive
particles such that the portion becomes conductive, and
removing the stamp from the polymer layer.
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1
POLYMER LOCALLY COMPRISING
CONDUCTIVE AREAS

BACKGROUND OF THE INVENTION

The invention relates to the formation of devices in a layer
of polymer material, and more particularly to creation of
conductive areas in the polymer material.

STATE OF THE ART

In the field of organic electronics, devices are generally
formed from polymer materials. Although polymers are for
the most part insulating, there are some polymers, called
conjugated polymers, that conduct electricity in the doped
state. In a non-doped state, the conjugated polymers are semi-
conducting materials. They are then used as active layer in
devices such as organic light-emitting diodes (OLED),
organic field effect transistors (OFET) or organic photovol-
taic cells.

Thermoplastic polymer materials are generally classified
in two categories, amorphous and semicrystalline. An amor-
phous polymer presents a disordered structure, i.e. the
molecular chains of the polymer are interleaved. In a semic-
rystalline polymer, the chains are locally ordered to form
single crystals. These single crystals are coated with amor-
phous material. Semicrystalline polymers are thus character-
ized by their crystallinity ratio.

The glass transition temperature T ; is defined as being the
temperature at which an amorphous thermoplastic material
goes from a solid state to a rubbery state. Below the tempera-
ture T, the material is in solid, or glassy, state and presents an
elastic behaviour. Above T, the bonds between the molecu-
lar chains become fragile. The material softens and can be
plastically deformed.

The glass transition phenomenon also applies to a semic-
rystalline thermoplastic material as it is partly composed of
amorphous material. A semicrystalline material is further
characterized by a melting temperature T,,, which is higher
than T, Above the melting temperature, the material
becomes completely amorphous. Semicrystalline materials
are therefore generally heated to a temperature comprised
between T and T, to preserve their crystalline nature.

FIGS. 1 to 3 represent steps of a method for producing an
organic Thin-Film Transistor (TFT) according to Patent
application US2004/0075155.

FIG. 1 represents a substrate 2 made from thermoplastic
polymer material covered by a track 4 made from electrically
conductive material. A metal tool 6, provided with a stamp 8,
is heated to a higher temperature than the glass transition
temperature of thermoplastic material 2. Material 2 is also
heated.

InFIG. 2,100l 6 is pressed against substrate 2 at the level of
track 4. The stamp 8 penetrates into substrate 2, which
deforms the thermoplastic material and cuts conductive track
4. Track 4 is divided into two parts, 10a and 1056 correspond-
ing to the drain and source of the transistor. A fragment 12 of
track 4 is pushed in substrate 2 by stamp 8.

Material 2 is then cooled under pressure to compensate
removal of material 2 and thereby maintain the dimensions of
the deformed portion.

FIG. 3 represents a step for completing the transistor, after
tool 6 has been removed from substrate 2. A layer 14 of
semiconducting polymer material is deposited on conductive
track 4, above drain 10a and source 105, and in the trench
remaining above fragment 12, forming a channel between the
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drain and source. A gate oxide 16 and a gate 18 are then
deposited on layer 14 above the channel.

FIG. 4 represents an example of a conductive track 4 cut
according to the technique of document US2004/0075155. In
certain cases, cutting of track 4 is poorly aligned with respect
to the embossed portion of material 2, as represented in FIG.
4. It is in fact difficult to control how track 4 is cut. Track 4
may even not be cut and flow following the contour of the
stamp.

This technique therefore does not enable a conductive layer
to be cut in clean and symmetric manner to define the drain
and source of an organic transistor. Such an imprecision is
detrimental to operation of the transistor.

SUMMARY OF THE INVENTION

A need therefore exists to provide a method that is precise
and easy to implement to fabricate a device comprising elec-
trically conductive areas of controlled dimensions on a layer
of electrically insulating polymer material.

This need tends to be satisfied by providing a polymer layer
comprising conductive particles with a density such that the
layer is insulating, heating the polymer material to a tempera-
ture higher than or equal to the glass transition temperature of
the polymer material, compressing a portion of the polymer
layer by means of a stamp, in order to obtain a density of
conductive particles such that the portion becomes conduc-
tive, and removing the stamp from the polymer layer.

BRIEF DESCRIPTION OF THE DRAWINGS

Other advantages and features will become more clearly
apparent from the following description of particular embodi-
ments given for non-restrictive example purposes only and
illustrated by means of the appended drawings, in which:

FIGS. 1 to 3, previously described, represent steps of a
method for forming an organic transistor according to the
prior art;

FIG. 4, previously described, represents an example of
cutting of a conductive track on a plastic substrate according
to the method of FIGS. 1to 3;

FIGS. 5 to 7 represent steps of a method for producing
conductive areas in an insulating polymer material according
to the invention;

FIGS. 8 to 10 represent variants for implementing the
compression step of FIG. 6;

FIGS. 11A to 11C represent examples of a mould used in
the method according to the invention; and

FIG. 12 represents an embodiment of a device comprising
several conductive areas obtained by the method according to
the invention.

DESCRIPTION OF A PREFERRED
EMBODIMENT OF THE INVENTION

By observing the behaviour of a polymer material when it
is heated and compressed with a mould, it appears that a part
of'the material, located under the salient parts of the mould, is
compressed. The remaining part of the material flows towards
the recesses of the mould.

It is proposed here to put this observation into application
to form a device provided with electrically conductive areas.
For this, a polymer material layer with electrically conductive
particles dispersed therein is used. Initially, the density of
particles is such that the layer is insulating. By compressing
certain areas of the polymer material, the particles are con-
centrated to make these areas conductive.
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FIGS. 5 and 6 represent steps of a method for forming a
device from a polymer material layer according to this prin-
ciple.

FIG. 5 represents a layer 20 mainly comprising a polymer
material, preferably a thermoplastic polymer. Layer 20 fur-
ther comprises conductive particles 22 dispersed in the poly-
mer material. The particles are preferably dispersed in glo-
bally homogeneous manner in layer 20. It could however be
envisaged to provide areas charged with conductive particles,
to be compressed, and areas devoid of particles.

Conductive particles 22 are preferably metal particles, for
example made from nickel, copper or silver, metal and semi-
conductor-based mixtures such as silicides (CoSi,, NiSi) or
carbon particles (for example in graphene or fullerene form).

A mould 6 is arranged above layer 20. It comprises a stamp
8 defining a pattern and directed towards layer 20. Mould 6 is
preferably formed from a heat conducting material, for
example a metal orsilicon, and heated to a temperature higher
than or equal to the glass transition temperature of polymer
material 20.

In FIG. 6, mould 6 is pressed against layer 20. Stamp 8
penetrates into layer 20 and deforms the polymer material
charged with particles. This deformation is made possible by
heating of material 20, either directly or via mould 6. This
results in a localized compressed area 24 underneath stamp 8.

In other words, the complementary part of the pattern
formed in the mould is printed on layer 20.

The compression step preferably has a duration comprised
between 1 min and 60 min. The pressure applied is preferably
comprised between 1 MPa and 3 MPa. When compression
takes place, polymer material 20 reaches a temperature higher
than or equal to the glass transition temperature T. The
temperature reached is preferably lower than or equal to the
melting temperature T,, of the polymer. The temperature of
material 20 is preferably 50° C. to 90° C. higher than the glass
transition temperature T .

In the case of a thermoplastic material 20, the amorphous
regions will flow due to the action of the temperature and of
the pressure, as indicated in schematic manner by the block
arrows in FIG. 6. Particles 22 are on the other hand concen-
trated in compressed area 24, which makes area 24 clectri-
cally conductive. The distance between the conductive par-
ticles in fact becomes sufficiently small for an electric current
to be able to flow through the polymer material. The electric
resistivity in area 24 then decreases significantly.

In the remaining area of layer 20, the density of particles
doesn’t substantially vary. The displacement of particles 22
with the amorphous material is in fact negligible. This area
therefore remains electrically insulating. As a precautionary
measure, the patterns can be separated from one another so
that they are effectively separated by an insulating area.

Recessed area can further be provided in proximity to the
area to be embossed. These recessed area will then be able to
absorb the material repelled when compression takes place.

It is generally considered that a polymer material is insu-
lating when its resistivity is higher than 10* ©Q-cm and that a
material is conductive below 1 Q-cm. The density of particles
in area 24 is thus such that the resistivity is less than 1 Q-cm
and the density of particles in the remaining layer 20 is such
that the resistivity is higher than 10* Q-cm.

In general manner, area 24 becomes conductive when the
density of particles is higher than or equal to the percolation
threshold. This threshold depends mainly on the materials
used and on the size of the conductive particles, and can be
expressed in percentage of the volume of particles in the
polymer material. It is preferably comprised between 1% and
20%. It is for example equal to about 20% when the particles
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are distributed in homogeneous manner and about 1% when
the particles have been previously organized, for example
grouped together in planes parallel to the surface to be com-
pressed.

Material 20 is preferably cooled maintaining the pressure
of' mould 6 to fix the dimensions of the pattern printed in layer
20.

In the step of FIG. 7, mould 6 and its stamp 8 are removed
from polymer layer 20. A device is then obtained provided
with an electrically conductive area 24 sunk in the polymer
layer.

The method can continue by the steps of filling of the
embossed region, for example with an electrically insulating
or semiconducting material, to finalize the device. Conduc-
tive area 24 is then buried.

This method thus enables formation of an electronic device
such as a field effect transistor. In this case, conductive area 24
can act as gate electrode of the transistor. The subsequently
deposited insulating layer and semiconductive layer will
respectively form the gate oxide and the channel of the tran-
sistor.

For example purposes, a layer of polyethylene naphtalate
(PEN), with a thickness of about 125 pm, is arranged on a
silicon support substrate. Polyethylene naphtalate is a semi-
crystalline thermoplastic material having a crystallinity ratio
of about 45%. The ratio of amorphous material is therefore
equal to 55%, which makes the PEN material compressible.
The glass transition temperature of polyethylene naphtalate is
about 120° C.

Nickel particles are inserted in the PEN layer. The quantity
ofparticles represents about 5% of the volume of the thermo-
plastic material. The resistivity of the layer obtained is about
equal to 10° Q-cm.

The mould comprises stamps in the form of dots of rect-
angular cross-section having a height of about 20 um.

The substrate and mould are placed in a press equipped
with two heating systems, one in contact with the mould and
the other in contact with the support substrate. The substrate
and mould are both heated to a temperature of about 190° C.

The mould is then applied on the polyethylene naphtalate
layer for approximately 5 min, maintaining the temperature at
190° C. and exerting a pressure of about 1.2 MPa.

As described in the foregoing, the amorphous material of
the compressed areas flows into the layer to fill the cavities of
the mould (between the dots) whereas the single crystals and
the conductive particles are concentrated in the compressed
areas.

In the compressed areas, the quantity of nickel particles is
close to 20% of the volume of PEN material. The resistivity is
situated below 1 Q-cm. The compressed areas have therefore
become conductive.

FIG. 8 represents an alternative embodiment in which
mould 6 comprises two stamps 8a and 8. Stamps 8a and 85
have different depression heights in the polymer layer. Stamp
8a has for example a larger height than stamp 85. When the
mould is applied, two conductive areas 24a and 245 are
obtained. Area 24a corresponding to stamp 8a has a higher
electric conductivity than area 245. By adjusting the heights
of the stamps, areas on different levels and of different con-
ductivities can thus be obtained.

In the embodiment of FIG. 9, mould 6 comprises a stamp
having a variable depression height. The stamp comprises for
example two flat portions 8a and 86 having different depres-
sion heights (like the stamps of FIG. 8), and an intermediate
portion 8¢ which joins portions 8a and 85. Portion 8¢ prefer-
ably presents a depression height which varies continuously
between the height of portion 84 and the height of portion 85.
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After stamping, two conductive areas 24a and 245 of dif-
ferent conductivities are obtained, electrically connected by a
third conductive area 24c¢. Areas 24a and 245 are respectively
obtained by compression of portions 8a and 85 of the stamp,
as was described in relation with FIG. 8. Area 24¢, which
results from compression of portion 8¢, presents an electric
conductivity gradient due to the variable depression height of
portion 8c.

In the example of F1G. 9, the electric conductivity gradient
of area 24c¢ extends in continuous manner from the conduc-
tivity of area 24a to the conductivity of area 245.

FIG. 10 represents another variant of the step of FIG. 6. By
increasing the pressure, the top surface of layer 20 is also
compressed. The displaced material is then distributed in the
volume of layer 20. Gate 24a, drain 245 and source 24c of a
transistor can for example be defined in this manner in a
polymer layer.

In this case, it is the whole mould 6 that acts as stamp, i.e.
that serves the purpose of compressing the polymer layer.

FIGS. 11A to 11C represent example embodiments of a
mould 6. By choosing the configuration of the mould, the
particle concentration phenomenon can be mastered. In the
example of FIG. 11A where the stamp has a base narrower
than its apex, the compressed area will be essentially situated
underneath stamp 8. On the other hand, in the case of FIG.
11B where the stamp is of rectangular cross-section, a com-
pressed area is also observed at the level of the lateral surfaces
of stamp 8 (not represented in FIGS. 6 to 10).

A mould provided with a pattern having dimensions which
vary when an electric current, an electric field, a magnetic
field or another stimulation are applied, can also be envisaged
(FIG. 11C). Such a mould is preferably formed from a piezo-
electric, magnetostrictive, or electrostrictive material, a shape
memory material or a material of electrolyte type. Depending
on the nature and intensity of the stimulation, stamp 8 adopts
a particular shape. For example, if stamp 8 deforms laterally,
a conductive area will be obtained on the sides of the pattern
printed in layer 20.

FIG. 12 represents atop view of an embodiment of a device
comprising several conductive areas 24, 24' in an insulating
polymer layer 20. A conductive area, for example area 24
located in the centre of FIG. 12, can be eliminated by applying
a high voltage or a magnetic field thereto. A temperature
increase is thereby generated which locally softens material
20 and enables displacement of the particles. The thermal
agitation disperses the conductive particles. Area 24 then
becomes insulating.

Inversely, it is possible to make this central area 24 con-
ductive again by applying an electric or magnetic field around
area 24, for example by means of peripheral areas 24', and by
heating central area 24. The mobile particles are again con-
centrated in the central area.

Thus, by preparing a plastic substrate charged with con-
ductive particles and by compressing it, conductive zones are
defined directly in the substrate in simple and precise manner.
The need for a conductive layer deposited on the substrate and
cutting of such a layer are thereby eliminated.

A large number of polymer materials can henceforth be
used to form an electronic device provided with conductive
areas. The choice is in fact no longer limited to conjugated
polymers that are, usually doped to become conductive. In
particular, elastomers can be used.

The method described above is simpler than conjugated
polymer doping techniques, as it requires less technological
steps. Furthermore, the doped areas are unchangeable
whereas conductive areas 24 obtained by compression are
configurable at will.

6

The invention claimed is:
1. A method for producing an electrically conductive area
in a polymer material, comprising:
providing a polymer layer comprising electrically conduc-
5 tive particles with a density such that the layer is insu-

lating,

heating the polymer material to a temperature higher than
or equal to a glass transition temperature of the polymer
material,

10 compressing a portion of the polymer layer by means of a
stamp, in order to obtain a density of conductive par-
ticles such that the portion becomes conductive, and
such that the conductive portion is superimposed on a

15 portion of the polymer layer that is insulating, and

removing the stamp from the polymer layer.

2. The method according to claim 1, wherein the portion of
the polymer layer is compressed during a time comprised
between 1 min and 60 min.

3. The method according to claim 1, wherein the portion of
the polymer layer is compressed with a pressure comprised
between 1 MPa and 3 MPa.

4. The method according to claim 1, wherein the polymer
layer is compressed by means of two stamps having different
depression heights, resulting in two electrically conductive
areas having different electric conductivities.

5. The method according to claim 1, wherein the polymer
layer is compressed by means of a stamp presenting a variable
depression height, resulting in an electrically conductive area
having an electric conductivity gradient.

6. The method according to claim 5, wherein the depres-
sion height of the stamp varies in continuous manner.

7. A method for producing an electrically conductive area
in a polymer material, comprising:

providing a polymer layer comprising electrically conduc-

tive particles with a density such that the layer is insu-
lating,

heating the polymer material to a temperature higher than

or equal to a glass transition temperature of the polymer
material,

compressing a portion of the polymer layer by means of a

stamp, in order to obtain a density of conductive par-
ticles such that the portion becomes conductive, and
removing the stamp from the polymer layer,

wherein the polymer layer is compressed by means of two

stamps having different depression heights, resulting in
two electrically conductive areas having different elec-
tric conductivities.

8. The method according to claim 7, wherein the portion of
the polymer layer is compressed during a time comprised
between 1 min and 60 min.

9. The method according to claim 7, wherein the portion of
the polymer layer is compressed with a pressure comprised
between 1 MPa and 3 MPa.

10. A method for producing an electrically conductive area
in a polymer material, comprising:

providing a polymer layer comprising electrically conduc-

tive particles with a density such that the layer is insu-
lating,

heating the polymer material to a temperature higher than

or equal to a glass transition temperature of the polymer
material,

compressing a portion of the polymer layer by means of a

stamp, in order to obtain a density of conductive par-
ticles such that the portion becomes conductive, and
removing the stamp from the polymer layer,
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wherein the polymer layer is compressed by means of a
stamp presenting a variable depression height, resulting
in an electrically conductive area having an electric con-
ductivity gradient.

11. The method according to claim 10, wherein the portion 5
of the polymer layer is compressed during a time comprised
between 1 min and 60 min.

12. The method according to claim 10, wherein the portion
of'the polymer layer is compressed with a pressure comprised
between 1 MPa and 3 MPa. 10

13. The method according to claim 10, wherein the depres-
sion height of the stamp varies in continuous manner.
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